This study examined early features of the heritable phenotype associated with childhood apraxia-of-speech (CAS). We compared speech and language development from 9 to 24 months of age in eight children at familial risk of CAS to that of eight infants with no such family history. At-risk infants scored lower on expressive language, speech development, and fine motor skills. Results support a broad, heritable verbal trait deficit for children at risk of CAS. Single case analyses showed poor prelinguistic speech development can dissociate from emerging receptive language and conceptualisation skills, consistent with a deficit originating in speech motor control.
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Childhood apraxia of speech (CAS) is a severe speech sound disorder with a low prevalence (e.g., .1 to .2%, Shriberg, Aram & Kwiatkowski, 1997) . Behavioural symptoms of CAS include a high incidence of consonant and vowel errors, inconsistency in those errors, difficulty in sequencing speech units, and prosodic difficulties (Davis, Jakielski, & Marquardt, 1998) . CAS has been viewed as a speech motor planning or programming disorder (Shriberg et al., 1997; Terband, Maassen, Guenther, & Brumberg, 2009) , however, children with CAS commonly show language impairment and overlap in features with other developmental speech (e.g., phonological) and language disorders leading some researchers to question the difference in their aetiology (Marion, Sussman, & Marquardt, 1993) .
Studies have also shown a variety of speech and language disorders aggregate in firstdegree family relatives of children diagnosed with CAS (Lewis et al., 2004; Lewis et al., 2006) . A similar pattern of family aggregation has been observed for speech-disordered children without CAS (Lewis et al., 2004) . These findings are consistent with the hypothesis of a broad heritable verbal trait deficit underlying developmental speech and language disorders (Lewis et al., 2004) where children with CAS sit at the more severe end of a continuum involving, but not exclusively, speech motor difficulties (cf. Lewis et al., 2006) .
From this perspective children with CAS share in a range of higher-level (e.g., linguistic) deficits used to explain phonological and language disorders in children (Bishop, 2006; Lewis et al., 2006) . Consistent with dynamic systems theory, a number of researchers emphasise the role of interaction during development between cognitive systems and external factors on the emergence of complex behaviours including language (Evans, 2002; Mitchell, 1995; Piek, 2006) . Furthermore, a deficit in one domain can, over time, constrain development in other domains (Bishop, 1997 (Bishop, , 2006 . From a developmental perspective, therefore, CAS may arise 4 from a core deficit in speech motor control that constrains the emergence of associated phonological, lexical and other higher-order linguistic processes (Maassen, 2002) , thereby explaining the overlap in symptomatology between CAS and other types of speech and language disorders.
Longitudinal investigations beginning from infancy provide an opportunity to disentangle core deficits from subsequent deficits and provide some insight into aetiology for developmental disorders such as CAS (Bishop, 1997; Maassen, 2002) . Do deficits leading to diagnosis of CAS in childhood begin in the speech motor system in infancy, or do they have a broader locus as might be proposed by the verbal trait deficit hypothesis? However, studies examining early development in children at-risk, or later showing features, of CAS have mostly used retrospective reports from parents (e.g., Highman, Hennessey, Sherwood, & Leitão, 2008) . While these studies show limited and late development of prelinguistic babbling consistent with a speech motor origin to the disorder (Davis & Velleman, 2000; Maassen, 2002) , children with expressive language disorders can also show delays in early babbling (Highman et al., 2008; Oller, Eilers, Neal, & Schwartz, 1999) . Babbling may be delayed or atypical for other reasons than speech motor difficulties.
The Present Study
In the present study eight infants at 9 months of age with a family history of suspected CAS were recruited for participation in a longitudinal investigation until 2 years. All of the atrisk children were biological siblings of children with a clinical diagnosis and history of treatment for CAS. These at-risk siblings were compared in terms of their development to eight age-matched typically developing (TD) infants. Overall group patterns of performance can be informative about a broader phenotype consistent with a verbal trait deficit (Lewis et al., 2004) , even when some siblings do not go on to receive a diagnosis or the study timeframe does not allow diagnosis to be confirmed (Koster et al., 2005) . The first aim of the 5 present study was, therefore, to examine the early presentation and developmental trajectory of infants at familial risk of suspected CAS, and in doing so, profile the heritable phenotype associated with suspected CAS at this early stage of development. We included assessments of speech sound development, expressive and receptive language, social communication skills, as well as measures of gross and fine motor development to test the hypothesis that early deficits in siblings at risk of CAS would encompass domains beyond the speech motor system suggestive of a heritable verbal trait deficit.
Our second aim was to examine infants with poor expressive language outcomes at 2 years, who are deemed to be at increased risk of ongoing speech and language problems, for early features of CAS (cf. Davis & Velleman, 2000) . Consistent with the developmental account, infants at increased risk of CAS may show differences in early development that are confined to measures of speech sound development and expressive language. Following Levelt, Roelofs and Meyer (1999, see, also Maassen, 2002) , receptive language skills and conceptual knowledge were assumed to develop independently of the speech motor system prior to the onset of intentional speech at around 12 months of age. We used statistical tests for a dissociation between measures that are appropriate for single cases (e.g., Crawford, Garthwaite & Grey, 2003) to determine whether deficits in prelinguistic speech motor development (e.g., at 9 months) could be found in the presence of intact conceptual and receptive language development consistent with a speech motor origin to the disorder (Davis & Velleman, 2000) .
Method Participants
Sixteen infants and their primary caregivers (all mothers) took part in the study. All infants were from monolingual English home environments with no identified medical, cognitive or physical disability, based on parent report. Socio-economic status, estimated by postcode data, was predominantly middle-class. All at-risk infants were referred for an audiological assessment prior to participation in the study to confirm normal peripheral hearing acuity and middle ear function.
The at-risk group consisted of eight biologically related siblings (four boys and four girls) of children with a clinical diagnosis of CAS made by a qualified speech-language pathologist. The families participating in the study were recruited through speech-language pathologists in the … metropolitan area. No specific guidance on which particular features were diagnostic of CAS was provided. Although the children diagnosed with CAS were not directly assessed as part of this study, all were receiving or had received treatment for their apraxia of speech symptoms and no other co-morbidity, such as autism, was identified. In response to the question "is there a family history of speech, language or literacy problems?" all parents identified an older sibling (7 older male siblings, 1 not specified) as having been diagnosed with CAS. Two of those parents also identified a third sibling as having "speech therapy" although the diagnosis was not specified. A third parent also identified 3 cousins of their children with a CAS diagnosis. Data were first collected on the infants when they were 9 months of age with two exceptions: at-risk participants 3 (P3) and 5 (P5) were 10 months and 12 months, respectively, when the study commenced.
The TD group consisted of eight age-matched infants (four boys and four girls) with no significant health, medical or developmental issues, who did not have a family history of speech, language or literacy difficulties (based on parent report). Families were recruited with the assistance of child health nurses in the … metropolitan area, who informed parents of TD infants of the study. Independent samples t-tests confirmed no significant differences in chronological age between the two groups for the 9 (t(13) = 0.24, p = . scores (M 100 SD 15) and percentile ranks. The REEL-3 has sound psychometric properties, with good internal consistency (coefficients of .92 and .93 for receptive and expressive subtests, respectively), and Cohen's kappa (.99) showed strong test-retest reliability and interrater reliability (Hurford & Stutman, 2004) . Content, criterion-related and construct validity were also found to be acceptable (Hurford & Stutman, 2004) .
MacArthur-Bates Communication Development Inventories (CDI, Fenson et al., 1993
). The Words and Sentences version of the CDI is a parent-completed tool designed to measure expressive vocabulary, morphological and syntactic development in children aged 16 to 30 months. The tool has been utilised extensively in research and has demonstrated excellent psychometric properties (Fenson et al., 1993) .
Procedure
Parents were provided with written and verbal information about the study and gave written consent for their child to participate. Ethics clearance was obtained from the … and … human research ethics committees.
Data were collected mostly within two weeks of the infants reaching 9, 12, 15, 18 and 24 months. The first author, a qualified speech-language pathologist, carried out all clinicianadministered assessments and scored all assessments following the standardized procedures.
Not all measures were included at all assessments. The REEL-3, CSBS caregiver questionnaire and the ASQ were administered at the 9, 12 and 18 months face-to-face assessment sessions. At 15 months the CSBS caregiver questionnaire was posted to the parents and scored on their return, and the REEL-3 was administered over the phone with the primary caregiver. Data for 24 months were collected via the CSBS caregiver questionnaire and CDI with questionnaires sent out and returned in the post.
Data Analysis Approach
Only measures showing a significant difference using standard scores (SS) between the at-risk and TD groups using independent groups t-tests (or Mann-Whitney U when normality was violated) from one time point at least were analysed further. Multilevel linear modelling (MLM), which treats time as a nested variable within participants, was used to examine the developmental trajectories in the raw scores of those significant measures. The restricted maximum likelihood estimation procedure appropriate for small sample sizes was used (Heck, Thomas, & Tabata, 2010) and we tested linear and quadratic trends across time points as fixed effects. The contribution of group and the interaction of group and time were also evaluated as fixed effects. The autoregressive covariance structure was used to account for serial dependency in repeated measurements over time. MLM is able to handle missing data for some time points without excluding participants (6.25% of data were missing in the present study).
Single case analysis. The revised standardised difference test (RSDT; Crawford et al., 2003) , was used to test for a dissociation between measures of prelinguistic conceptual and receptive language development and speech motor development (i.e., at 9 months of age) for those at-risk participants with delayed expressive language at two years of age. The TD infants were used as the reference group for these single case analyses. The social composite of the CSBS caregiver questionnaire reflects development in the broad area of Group, when added to the model, was not statistically significant, p = .077, and the interaction between group and time was not significant, p = .398. Four at-risk infants scored below the ASQ communication cut-off, three at one time point (18 months) and one at two time points (9 & 18 months) . No TD infants scored below the cut-off to be of concern.
There was no linear or quadratic trend in the ASQ fine motor scores, p = .37 and .30, respectively. However, group did contribute significantly to the prediction when included in the model, b = -5.74 (95%CI = -10 to -1.1), t(16.21) = -2.62, p = .019. Because TD infants were coded in all models as 0 and at-risk infants as 1, the negative coefficient for group indicates lower fine motor scores on average for at-risk infants (see Figure 1) . No infants scored below the cut-off to be of concern in this measure, however.
CSBS Caregiver Questionnaire
The 24 months data for the CSBS sounds clusters were not analysed because all infants in at least one of the groups performed at ceiling on the task resulting in no variability in scores. Growth curve analysis of the sounds cluster raw scores, excluding the 24 months time point, showed a significant linear trend, b = 2.32 (95%CI = 1.2 to 3.5), t(20.19) = 4.20, p < .001, but no quadratic trend, p = .37. Group was a significant predictor in the model, b = -1.96 (95%CI = -3.8 to -0.1), t(13.24) = -2.22, p = .04, however, there was no group by time interaction, p = .411. Therefore, the growth curve for speech sound development differs between at-risk and TD infants in terms of intercept (lower for at-risk infants) but not slope or rate of change with time (see Figure 2 , which includes the 24 months data). Using a standard score cut-off of more than 1 SD below the mean, three at-risk participants showed cause for concern on the sounds cluster. Only one at-risk participant (P2) was below normal across all time points, the other two fell into the normal range by 15 months.
For the CSBS words cluster raw scores, the quadratic function over time was significant, b = 1.37 (95%CI = 0.9 to 1.9), t(55.21) = 5.58, p < .001, not the linear function, p = .84. While group was not a significant predictor, p = .88, the group by quadratic interaction was significant, b = -.67 (95%CI = -1.3 to -0.1), t(12.89) = 2.48, p = .028. As shown in Figure   2 , the quadratic growth rate for at-risk infants was lower than the TD infants. On the words cluster two at-risk participants (P1 & P2, see below) were below normal at two time points (both at 15 and 24 months) and one TD participant was below normal at one time point (15 months).
The CSBS object use raw scores revealed a significant linear trend, b = 6.39 (95%CI = 4.3 to 8.5), t(18.72) = 6.39, p < .001, and no quadratic trend, p = .28. Neither group nor the interaction between group and the linear trend were significant predictors, p = .57 and p = .34, respectively. On the object use cluster six at-risk participants were below normal, five at only one time point and one at two time points. Most low scores were achieved at the 9 and/or 12 months assessments.
REEL3
The linear and quadratic functions were significant in the growth model of the REEL3 receptive raw scores, b = 11.39 (95%CI = 8.3 to 14.4), t(27.24) = 7.64, p < .001, and, b = -1.26 (95%CI = -2.2 to -.03), t(21.868) = -2.71, p = .013, respectively. The negative coefficient for the quadratic relationship shows the rate of change decreased for the later time collection points (see Figure 3) . Neither group, p = .14, nor group by linear trend interaction, p = .71, were significant contributors to the model. The number of at-risk infants below normal on the REEL3 receptive abilities (SS < 85) ranged from 0 (at 15 months) to 2 (9 months). One TD infant was below normal at 12 months.
In the REEL3 expressive raw scores, a significant overall linear trend was found, b = 9.24 (95%CI = 6.0 to 12.5), t(38.07) = 5.69, p < .001, group was a significant predictor when added to the model, b = -7.59 (95%CI = -10.7 to -4.5), t(36.74) = -4.91, p < .001, but there was no interaction between group and the linear trend, p = .52. The negative coefficient for group shows the growth curve had a lower intercept for at-risk compared to TD infants, but there was no significant difference in slope (Figure 3 ). The number of at-risk infants below normal in REEL3 expressive abilities was six at 9 months, five at 12 and 18 months, and three at 15 months. Two TD infants were below normal in expressive abilities, one at 12 and one at 18 months.
Language Outcomes at 24 Months
Analysis of the CDI at 24 months showed a mean expressive vocabulary for the TD infants of 450 words (SD 85, range 367-548) with a mean percentile rank of 75 (SD 16, . In contrast, mean expressive vocabulary for the at-risk group was 191 words (SD 156, range 17-428), significantly lower than the TD group, t(11) = 3.6, p = .01, d = 2.06. The mean 13 percentile rank for the at-risk group was 28 (SD 24, range <5-61). The mean percentile of sentence complexity from the CDI was significantly lower for the at-risk (M 35, SD 31, range <10-92) compared to TD infants (M 75 SD 14, range 55-95), t(11) = 2.9, p = .02, d = 1.66.
Across all infants, the raw score for the CSBS sounds cluster at 9 months predicted CDI vocabulary scores at 24 months, r(n = 13) = .68, p = .011. The correlation with CDI sentence complexity was not statistically significant, r(n = 13) = .54, p = .056. Similarly, the sound cluster raw scores at 18 months predicted CDI vocabulary, r(n = 13) = .70, p = .007, but not sentence complexity, r(n = 13) = .53, p = .06.
Single-Case Analyses of At Increased-Risk Infants
At 24 months two at-risk infants (P1 & P2), and no TD infants, had communication skills that were not developing appropriately for their age. Both P1 and P2 were less than the 5 th percentile in expressive vocabulary and 10 th percentile in sentence complexity, producing fewer than 50 single words (17 words for P1 and 32 for P2) and no two-word combinations.
The same criteria have been used in previous studies to identify expressive language delay at 2 years (e.g., Rescorla & Alley, 2001 ). These infants are, therefore, at increased-risk of ongoing speech and/or language problems. Table 1 provides CAS-related features described by Davis and Velleman (2000) for the infant-toddler age range that could be assessed in the present study, as well as scores on those measures for P1 and P2 across all time points. P2 shows the presence of all features, suggesting a pattern of increased risk of CAS: below normal on the CSBS sounds cluster from infancy consistent with significant gaps in phonetic repertoire, developed use of gesture in their early development, signs of late fine motor development in infancy using the CSBS object use cluster, and a clear gap in early receptive and expressive communication skills (using the REEL3 and symbolic and speech composites). In contrast, P1 fell into the normal range for the sounds cluster at all time points, does not appear to be delayed in achievement 14 of motor milestones at 9 months (although they were below normal on the object use cluster at 12 months), was below normal in gesture use for communication purposes at 9 months (normalising after that), and did not show the expected receptive-expressive gap with poor expressive skills at the earliest time point (9 months), but did at later time points.
All other CSBS scores not reported in Table 1 were in the normal range for P1 except for the words cluster at 15 months (SS 6) and 24 months (SS 6), and emotion and eye gaze (SS 6) at 9 months, a finding that is consistent with their poor REEL3 receptive ability score at that age. P2 was also below normal on the words cluster at 15 months (SS 6) and 24 months (SS 6), with normal performance on the remaining CSBS measures.
Dissociation between conceptual/receptive development and speech motor areas.
Applying the RSDT procedure (Crawford et al., 2003) , a significant classical dissociation between the social composite of the CSBS caregiver questionnaire (SS 17) and the CSBS sounds cluster (SS 5) was observed for P2, t(7) = 4.31, p < .001. In particular, there was no significant difference to the TD infants on the social composite, but a significant deficit on the sounds cluster, and a significantly larger discrepancy between the two types of score than the TD sample distribution. P2 also showed a significant (classical) dissociation between receptive and expressive ability scores (with poorer expressive ability) on the REEL3 relative to the TD infants, t(7) = 6.19, p < .001. No dissociation was found for P1 between the social composite (SS 11) and sounds cluster (SS 9) scores, t(7) = 0.67, p = .52, and between the REEL3 ability scores, t(7) = 0.27, p = .79.
Examining other at-risk participants showed one child (P4) who at 9 months was also significantly below the TD infants on the sounds cluster (SS 4) but not different on the social cluster (SS 9) and had met RSDT criteria for a classical dissociation, t(7) = 2.84, p = .025. A dissociation between receptive and expressive ability scores on the REEL was also apparent (SS 85 & 75, respectively) , t(7) = 3.508, p = .01, although the receptive score was borderline normal. This child normalised, however, on all components on the CSBS by 12 months onwards.
Discussion
Emerging speech and language skills were tracked from 9 to 24 months of age in two groups of infants: eight at-risk participants who were biological siblings of children with a clinical diagnosis of CAS and a comparison group of eight infants with no such family history. The findings of this study show an underlying weakness in early verbal communication development, particularly in expressive language and speech motor skills, in infants with a family history of CAS. Expressive, but not receptive, language was poorer in the at-risk group compared to the TD group. More than half at-risk infants showed below normal REEL3 expressive ability scores at most time points. Early prelinguistic expressive ability (e.g., at 9 months) typically encompasses broad conceptualisations of language, including vocalisation, babbling and gesture use. As development progresses, expressive language is defined more by word use and the development of syntax and would therefore be sensitive to deficits at higher levels of processing than speech motor development. At 24 months the CDI scores showed the at-risk group had overall weaker skills in these areas as well. The significant group by quadratic interaction in the CSBS words cluster SS suggests an emerging or widening difference in expressive vocabulary between the TD and at-risk participants with age (cf. Koster et al., 2005) . In contrast, the measure of speech sound development (CSBS sounds cluster) showed weaker skills across all time points. This difference in developmental trajectory between speech sound and expressive language skills could reflect an emerging constraint of early and ongoing weak speech production skills on the emergence of expressive language. The importance of early speech sound development for later language emergence is also suggested by finding the CSBS sounds cluster raw scores at 9 and 18 months predict productive vocabulary size at 2 years.
The observation of generally lower but variable scores on speech and language measures for the at-risk group is consistent with a verbal trait deficit proposed by Lewis and colleagues (2004) . In their study of familial aggregation of speech and language disorders in the family members of children with CAS, siblings presented with a range of disorders including mild articulation problems, severe language and speech sound disorders, and CAS.
The authors proposed that traits underlying CAS may be polygenic (cf. Alcock, Passingham, Watkins, & Vargha-Khadem, 2000) leading to variation in presentation of the broader phenotype (Lewis et al., 2006) . The present results suggest degrees of affectedness in early development even among those showing normal language at 2 years of age. The risk genes associated with CAS may load more heavily on deficits in speech motor and expressive language development than other domains of language development.
The at-risk participants also demonstrated significantly poorer fine motor skills. This finding is consistent with the close relationship between fine motor and speech motor development proposed to exist in normal development, as well as descriptions of motor coordination difficulties in children with speech sound disorders (Bradford & Dodd, 1996; Piek, 2006) . It is possible that any broader phenotype of CAS may include relatively poor fine motor development (cf. Amorosa, von Benda, Dames, & Schäfersküpper, 1986) .
Early Development in Infants at Increased-Risk of CAS
Two at-risk participants (P1 and P2) who had not achieved normal milestones of language development at 2 years of age were regarded as being at increased risk of ongoing language and speech problems. P2 showed signs consistent with a high risk of developing CAS (Davis & Velleman, 2000) as demonstrated by (a) poor speech motor development using standardised assessments at all time points, (b) evidence of late motor milestones but developed use of gesture for communication purposes, and (c) a significant dissociation with poor speech sound development but age-appropriate conceptual and receptive development at 9 months. These findings support the proposition that speech motor development can be selectively impaired or deficient in some children at-risk of subsequent CAS (see, also, Highman et al., 2012) . If P2 eventually receives a diagnosis of CAS, this would be consistent with the hypothesis that CAS can originate from a core deficit in infancy in speech motor control (Maassen, 2002 , Terband et al., 2009 ).
P1 on the other hand showed (a) age appropriate speech motor development at all time points, (b) evidence of an early delay in gesture use, (c) no dissociation between speech sound development and conceptual and receptive ability scores at 9 months. We suggest P1 has the hallmarks of being overall delayed in language development, consistent with children who are late talkers at 2 years of age (Rescorla & Alley, 2001) , rather than primarily speech impaired.
If a language impairment persists, it would suggest an underlying deficit that does not directly implicate the speech motor system, such as reduced processing capacity for phonological and lexical acquisition (cf. Bishop, 2006) .
Limitations
Because of the small sample size, even if it were ascertained that P2 did meet criteria for CAS at a later age, it would not be possible to generalise the early profile we observed to the broader CAS population. We cannot conclude deviant speech motor development has caused higher order expressive language deficits. The presence of language deficits in children with CAS could reflect co-morbidity or a broader aetiology consistent with the verbal trait deficit.
One other at-risk infant showed a dissociation pattern at 9 months similar to P2
between speech motor development and conceptual/receptive language skills, and yet did not show below normal development at 2 years of age. It would be of interest in future research to investigate predictors of ongoing speech deficits in children with this early profile of development.
A further limitation of the study was the lack of information on the older siblings with suspected CAS. Relying on a diagnosis by qualified speech-language pathologists who work with children with CAS on their caseload has some face validity. However, in view of the possible heterogeneity in the heritable phenotype explored in the present study, the results involving the group comparisons on the early presentation of infants at risk of CAS should be seen as preliminary.
Conclusions
The present study is one of the first to document the developmental trajectory of speech and language in infants with a family history of the low prevalence disorder CAS.
Group comparisons, showing generally poorer speech and expressive language skills in the atrisk participants, as well as the observation of ongoing delayed and/or disordered communication ability in two at-risk participants, provided support for a broad verbal trait deficit hypothesis of developmental speech motor disorders (Lewis et al., 2004) . The results also confirm that it is possible for a child with increased risk of CAS to show, prelinguistically, a dissociation between modalities consistent with a core deficit in emerging speech motor control with normal receptive and conceptual abilities. That is, while sharing in a broader phenotype, this does not exclude the possibility of a specific and more severe vulnerability or deficit originating in the speech motor system in some infants. 
